Abstract Critics have suggested that neoadjuvant chemotherapy (NACT) followed by interval debulking may select for resistant clones or cancer stem cells when compared to primary cytoreduction. b-tubulins are chemotherapeutic targets of taxanes and epothilones. Class III b-tubulin overexpression has been linked to chemoresistance and hypoxia. Herein, we describe changes in class III b-tubulin in patients with advanced ovarian carcinoma in response to NACT, in relationship to clinical outcome, and between patients who underwent NACT versus primary debulking; we characterize in vitro chemosensitivity to paclitaxel/patupilone of cell lines established from this patient population, and class III b-tubulin expression following repeated exposure to paclitaxel. Using immunohistochemistry, we observed among 22 paired specimens obtained before/after NACT decreased expression of class III b-tubulin following therapy within stroma (p = 0.07), but not tumor (p = 0.63). Poor median overall survival was predicted by high levels of class III b-tubulin in both tumor (HR 3.66 [1.11, 12 .05], p = 0.03) and stroma (HR 4.53 [1.28, 16 .1], p = 0.02). Class III b-tubulin expression by quantitative-realtime-polymerase-chain-reaction was higher among patients who received NACT (n = 12) compared to primary cytoreduction (n = 14) (mean ± SD fold-change: 491.2 ± 115.9 vs. 224.1 ± 55.66, p = 0.037). In vitro subculture with paclitaxel resulted in class III b-tubulin upregulation, however, cell lines that overexpressed class III b-tubulin remained sensitive to patupilone. Overexpression of class III b-tubulin in patients dispositioned to NACT may thus identify an intrinsically aggressive phenotype, and predict poor overall survival and paclitaxel resistance. Decreases in stromal expression may represent normalization of the tumor microenvironment following therapy. Epothilones warrant study for patients who have received neoadjuvant carboplatin and paclitaxel.
Introduction
In patients with stage IIIC/IV ovarian carcinoma, neoadjuvant chemotherapy (NACT) followed by interval debulking results in equivalent hazard ratios [1] for death and progressive disease, often with less surgical morbidity and greater likelihood of optimal cytoreduction [2] [3] [4] compared to primary debulking followed by chemotherapy. Nevertheless, critics have expressed concern that NACT followed by interval debulking may select for resistant clones or cancer stem cells when compared to cytoreduction followed by chemotherapy [5, 6] . Choice of subsequent adjuvant regimen may become problematic in instances of poor response to the standard regimen of neoadjuvant carboplatin and paclitaxel, even if optimal debulking is achieved. There are currently few biomarkers identified to guide additional therapy.
Class III b-tubulin overexpression has been linked to hypoxia [7] and chemoresistance through reduced binding of paclitaxel [8] and modulation of prosurvival pathways [9] . Class III b-tubulin is one of nine b-isoforms [10] capable of heterodimerizing with a subunits to form microtubules critical to cell division. Paclitaxel binds preferentially to class I b-tubulin isoforms [8] , which differ from class III btublin at paclitaxel binding site positions 275 (Ser?Ala) and 364-365 (Ala-Val?Ser-Ser) [10] . High class III b-tubulin expression correlates with poorer overall survival in nonsmall cell lung [11] , breast [12] , colon [13] and unknown primary cancers [14] . Epothilones (EPOxide THIazoLe ketONEs; e.g., ixabepilone, patupilone, sagopilone) are microtubule-stabilizing macrolides isolated from Sorangium cellulosum [15] with activity in paclitaxel-resistant malignancies putatively due to their unique ability to bind class III and I isoforms with at least equal affinity [8] .
In this study, we
(1) describe changes of class III b-tubulin expression in response to NACT, in relationship to oncologic outcome, and comparatively between patients who underwent NACT with interval debulking versus primary debulking followed by chemotherapy (2) examine in vitro chemoresponsiveness to paclitaxel and patupilone of ovarian serous carcinoma cell lines in relationship to class III b-tubulin expression (3) describe changes in class III b-tubulin expression in serous cell lines after prolonged in vitro exposure to paclitaxel.
Materials and methods
Tissue procurement, establishment of cell lines, and characterization of cellular growth rate
As approved by the institutional review board at Yale University, paraffin-embedded tissues and patient characteristics were obtained at time of biopsy and debulking. For immunohistochemistry analyses, all cases representing stage IIIC/IV disease with sufficient matched solid tissue as identified from an institutional cancer registry from 2003 to 2012 were included. Patients with non-solid tissue specimens at time of initial diagnosis (i.e., ascites or pleural fluid) were excluded. Disposition to NACT was at the surgeon's discretion given imaging and/or physical exam findings suggestive of low likelihood of optimal debulking and/or desire to avoid significant surgical morbidity required to achieve optimal cytoreduction given disease burden, as opposed to medical comorbidity rendering the patient a nonsurgical candidate. Tumors were staged according to criteria established by the American Joint Committee on Cancer 7th edition and the most recent FIGO (Fédération Internationale de Gynécologie et d'Obstétrique) staging schema [16] . Fresh-frozen samples included in the PCR analyses were chosen at random from a laboratory database. Carcinoma and normal human ovarian surface epithelial cell lines were established from tissue biopsies and maintained as described previously [17, 18] . Cellular growth rate was determined per established protocol [19] . Survival data were obtained through review of electronic medical and/or public records.
RNA extraction, purification, and reverse-transcription
Total RNA extraction from cell culture lysates and macrodissected fresh-frozen tissues was performed using AllPrep DNA/RNA/Protein Minikit (Qiagen, Germantown, MD). Only samples containing at least 70 % tumor epithelial cells as assessed by a staff pathologist were used for total RNA extraction. Quantitative real time polymerase chain reaction (qRT-PCR) was performed with a 7500 RealTime PCR System per the manufacturer's protocol (Applied Biosystems, Foster City, CA). All RNA samples were treated with Turbo DNase enzyme (Applied Biosystems). Total RNA (5 lg) was reverse-transcribed using Superscript III (Invitrogen, Carlsbad, CA). Five microliters of reverse-transcribed RNA was amplified using Taqman PCR Master Mix (Applied Biosystems). Class III b-tubulin (Hs00964962_g1) specific primers were obtained (Applied Biosystems), with GAPDH (Hs99999905_m1) as an internal control. Gene expression was analyzed using the comparative threshold method and normalized to levels observed in a lymphoid cell line with minimal expression of class III b-tubulin (DCT = 14.8) obtained from a healthy donor. Use of this particular calibrator allowed simultaneous relative characterization of class III b-tubulin among carcinomas and normal tissues.
Immunohistochemistry
All slides were reviewed by an unblinded gynecologic pathologist (NB). Representative formalin-fixed sections were cut at 4 lm for each patient. Slides were stained with anti-class III b-tubulin monoclonal antibody (TUJ1; Covance, Berkeley, CA) at 1:500 dilution with the appropriate positive and negative controls. This commercially available antibody has also been validated for immunohistochemistry by other researchers [20] , and against PCR by our group [21, 22] . Staining of tumor and stroma were assessed using the following scoring system: 0 (\5 %), 1? (5-30 %), 2? (31-70 %), 3? ([70 %) [23] . Sections were chosen so that consistent and sufficient proportions of tumor and stroma were examined in pre-and post-NACT comparisons.
Chemosensitivity assays and paclitaxel subcultures Patupilone (Novartis Pharma, Basel, Switzerland) and paclitaxel (T7402: Sigma-Aldrich, St. Louis, MO) were dissolved in dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO) as stock solutions protected from light exposure and stored at -20°C. Drugs were serially diluted to achieve concentrations of 1 nm to 1 lM in culture medium before exposure to cells. Cells at log phase of growth were seeded in 6-well microtiter plates at optimum density and exposed to drug at 24 h. After 48-72 h of additional incubation, well contents were harvested in entirety, centrifuged then stained with propidium iodide (2 lL of a 500 lg/mL stock solution in PBS with 0.1 % sodium azide and 2 % fetal bovine serum) for flow cytometric counts. To study the effects of repeated exposure to paclitaxel on class III b-tubulin expression, established (i.e., [30 passages at time of initial drug exposure) ovarian (OSPC) and uterine (USPC) serous carcinoma cell lines containing [99 % epithelial cells by microscopic inspection were exposed to increasing concentrations of paclitaxel at time of each passage. Surviving clones were subcultured in RPMI and allowed to grow to 80-90 % confluence prior to next passage and drug exposure. At time of each passage, approximately 5-10 % of the total detached cell volume was re-plated.
Statistical analyses
Dose response curves were analyzed using GraphPad Prism version 5.0 (GraphPad Software, Inc., LaJolla, CA). IC 50 was defined as the absolute inhibitory concentration of drug required to result in reduction of cell viability to 50 % of untreated control. IC 50 was determined through interpolation of sigmoidal curves fit with a standard Hill slope of negative 1.0. Kaplan-Meier curves were generated and analyzed with the log-rank Mantel-Cox test with a consistent hazard ratio. Overall survival was calculated from the interval between date of diagnosis to date of last follow-up or death. All student's t tests and Pearson correlations employed 2-tails and assumed equal variance. Nonparametric Wilcoxon matched pairs analyses were applied to examine the distributions of immunohistochemistry scores in which ties were eliminated from the analysis. For all analyses, p values \0.05 were considered statistically significant.
Results
NACT administration is associated with a trend towards decreased stromal expression of class III b-tubulin A total of 22 patients who had received NACT for clinical stage IIIC/IV ovarian carcinoma from 2003 to 2012 were identified retrospectively. Diagnosis was made through core biopsy in all patients except four who instead had undergone exploratory laparotomy with aborted debulking. Patient and treatment characteristics are provided in Table 1 . None of the patients received bevacizumab as part of their adjuvant consolidation regimen; of patients who did not receive adjuvant consolidation with carboplatin/paclitaxel (i.e., 'other'), regimens consisted of either pegylated liposomal doxorubicin or docetaxel in combination with carboplatin. Strength of immunohistochemistry staining for class III btubulin within tumor and the surrounding stroma was quantified among matched specimens representing biopsies obtained prior to NACT administration and those obtained following NACT at the time of interval debulking. Class III b-tubulin decreased within stroma with a trend towards statistical significance (p = 0.07), but was unchanged in tumor (p = 0.63) following treatment (Fig. 1) . The Spearman correlation for this set was 0.68 (p = 0.002), indicative of effective pairing. Normal ovary did not overexpress class III b-tubulin. Representative immunohistochemistry specimens are shown in Fig. 2 . Staining was homogeneous and cytoplasmic. We have previously shown good correlation between strength of immunohistochemistry staining and PCR [21, 22] .
Class III b-tubulin expression at time of interval debulking predicts crude overall survival
We next examined the prognostic significance of class III btubulin score at time of interval debulking. We have previously shown in uterine and ovarian serous carcinomas that class III b-tubulin prior to chemotherapy predicts overall survival [21, 22] . In this manuscript, reduced median crude overall survival (OS) was predicted by increased class III (Fig. 3b right) appeared to confer some survival benefit, though this failed to reach statistical significance. Cytoreduction to no residual disease was achieved in 85 versus 50 % of patients with a decrease in stromal staining compared to those with no change or an increase in class III b-tubulin (p = 0.09), respectively. Median follow-up interval within the cohort was 649 days (range 57-1,668). There were a total of 11 deaths during this time.
Patients who are dispositioned to NACT exhibit higher levels of class III b-tubulin reflective of an inherently aggressive tumor phenotype Using a separate cohort of patients identified retrospectively and restricted to a laboratory database of those with stage IIIC/ IV high-grade serous ovarian carcinoma for whom freshfrozen tissue was available from time of debulking, we then compared class III b-tubulin expression using qRT-PCR among those who received carboplatin and paclitaxel in neoadjuvant fashion against those who underwent primary debulking followed by chemotherapy. Sample size was limited by the number of patients who received NACT; there were otherwise no pre-determined selection criteria and the comparison group consisting of patients who underwent primary debulking were essentially chosen at random. These groups did not differ by mean age (primary debulking vs. NACT: 58.1 ± 12.5 vs. 61.3 ± 11.8, respectively; p = 0.5); all patients exhibited high-grade serous histology, and all except one were Caucasian. No information regarding BRCA mutation status was known. We have shown previously that class III b-tubulin staining by IHC reflects expression by qRT-PCR among patients who underwent primary debulking for whom formalin-fixed paraffin-embedded and fresh-frozen samples were obtained simultaneously [21, 22] , an important validation given the potential discordance between protein expression and mRNA transcripts in mammalian cells due to post-transcriptional modifications [24] . We have additionally shown in these prior studies that qRT-PCR expression levels stratify overall survival in patients with serous carcinoma of the uterus [21] and clear cell carcinoma of the ovary [22] . In the present work, class III b-tubulin was higher at time of debulking among patients who received NACT followed by interval debulking (n = 12) compared to those who underwent primary cytoreduction followed by chemotherapy (n = 14) (mean ± SD fold-change: 491.2 ± 115.9 vs. 224.1 ± 55.66, p = 0.037) (Fig. 4) . These values greatly exceed levels expressed by normal ovary, endometrium, and myometrium (mean ± SEM: 32.63 ± 6.51, n = 3; data not shown). In this cohort of patients, a statistical difference between overall survival of patients who underwent primary debulking versus NACT (p = 0.54) did not exist. When stratified by qRT-PCR expression values, however, overall survival was improved among patients with low (\150; n = 8) compared to high ([150; n = 9) class III b-tubulin (2,877 vs. 1,077 days, HR 1.06 [0. 15-7.7] , p = 0.003) based on cutoffs that allowed for equal numbers of patients in each group. Of note, sufficient follow-up was available for\70 % of patients, therefore these results should be interpreted with caution. Paclitaxel subculture results in upregulation of class III b-tubulin
We then mimicked NACT administration by exposing serous carcinoma cell lines to successively higher concentrations of paclitaxel over the course of 18 weeks (i.e., equivalent to approximately 6 cycles of carboplatin/paclitaxel). A total of 10 serous carcinoma cell lines (3 ovarian, 7 uterine) were serially subcultured using a mean ± SD maximum paclitaxel dose of 430 ± 385 nM across a range of 9-25 passages. Mean ± SD for class III b-tubulin expression values increased from baseline at 985.8 ± 219 to 2,306 ± 550 (p = 0.039) (Fig. 5a ). Cell line characteristics are provided in Fig. 5b .
Cell lines that overexpress class III b-tubulin remain exquisitely sensitive to patupilone
We subsequently examined chemosensitivity of ovarian serous carcinoma cell lines to various microtubule-stabilizing agents. Cell lines previously unexposed to chemotherapy in vitro with high class III b-tubulin expression showed exquisite sensitivity to patupilone relative to paclitaxel. As illustrated in Fig. 5c , cell lines with class III btubulin expression values ranging from 504 to 1,653 were 16 to[100 times more sensitive to patupilone compared to paclitaxel. Doubling times for the representative cell lines shown ranged from 22 to 37 h.
Discussion
NACT with carboplatin and paclitaxel for ovarian carcinoma is an acceptable alternative to primary surgical cytoreduction in instances of advanced disease otherwise felt to be nondebulkable or medical comorbidity preclusive of immediate surgical intervention [1] [2] [3] [4] . Though maximum cytoreduction remains the single most important independent prognostic factor for outcome [25] [26] [27] [28] [29] [30] , choice of adjuvant regimen may be problematic in cases where response to NACT is poor, even if optimal debulking is achieved. Kavallaris and colleagues first noted upregulation of class III b-tubulin in paclitaxel-resistant ovarian cancer cell lines as early as 1997 [31] . It has since been shown to be a marker of poor outcome in a variety of non-gynecologic [11, 12, 14] and gynecologic cancers [23, 32] . This group has shown previously that uterine carcinosarcomas which overexpress class III b-tubulin may be significantly more sensitive to patupilone than paclitaxel as well as more sensitive to patupilone than ovarian carcinosarcomas which express lower levels of class III b-tubulin [19] . Similarly, we have also previously implicated class III b-tubulin overexpression in the identification of a subset of chemonaïve patients with uterine serous [21] and ovarian clear cell [22] carcinoma at risk of poor outcome secondary to paclitaxel resistance, with retention of responsiveness to epothilones. We now propose that class III b-tubulin overexpression at time of interval debulking following NACT may be used in the prediction of poor clinical course and to guide choice of additional chemotherapeutic agents. We have shown the prognostic relevance of overexpression by both tumor (p = 0.03) and stroma (p = 0.04) on overall survival and have found that NACT may lead to decreased stromal expression (p = 0.07), presumably coincident with restoration of normal tumor microenvironment or decreased tumor bulk as a result of therapy due to either the taxane or platinum component. This may support the emerging role for class III b-tubulin beyond conferring drug resistance through altered microtubule function, but as a mediator of prosurvival pathways and constitutive expression in hypoxic conditions of the tumor microenvironment via a HIF-1a mechanism among others [33, 7] . The trend towards statistical significance observed for decreased stromal staining following NACT would likely be improved with a larger sample size, which would also allow performance of multi-variate analyses. Change in immunohistochemistry score of tumor and stroma following neoadjuvant treatment failed to predict crude overall survival and was not found to be a sensitive marker of outcome, but is limited by small numbers. Additionally, it is impossible to eliminate inherent variations in stromal characteristics between pre-NACT specimens (often consisting of metastatic disease to the omentum) and post-NACT specimens (often representing primary tumor), which may have skewed this effect. Stronger b-tubulin staining in metastatic lymph nodes relative to primary tumor has been shown in some studies [34] , but not others [35] . As with other reports employing a semi-quantitative scoring system, our immunohistochemistry analysis may be limited by rater subjectivity [36] . Overall, our observations are consistent with a previous publication by Ferrandina and colleagues [37] , who also described a decrease in b-tubulin positivity of tissues following NACT, however, we report for the first time separately tumoral and stromal staining. The current study differs from the investigation by Mozzetti and colleagues [20] as the baseline specimen in the majority of our patients was obtained by image-guided biopsy as opposed to surgery; this is important difference as some evidence suggests the inflammatory milieu brought upon by surgery may play an important role in stimulating tumor renewal through progenitor cells [38] . In accordance with existing reports, we have shown upregulation of class III b-tubulin overexpression in serous cell lines through application of in vitro selection pressure [31, 39, 40] . Of note, we included both uterine and ovarian serous carcinoma cell lines for our experiments with repeated exposure to paclitaxel as we have previously shown that class III b-tubulin overexpression similarly serves as a poor prognostic factor in both uterine and ovarian serous carcinomas [21, 22] . Furthermore, despite molecular differences, the standard of care for treatment of both advanced ovarian and uterine serous carcinomas includes platinum/taxane combinations [41] and in both instances, neoadjuvant therapy has been used successfully [42] [43] [44] . Nevertheless, these results must be interpreted with caution.
The mechanisms by which class III b-tubulin overexpression leads to paclitaxel resistance remain incompletely elucidated. We have previously reported enhanced sensitivity of ovarian/uterine serous carcinoma cell lines [21, 22] to paclitaxel following siRNA-mediated knockdown of class III but not class II b-tubulin. Data in non-small cell lung carcinoma suggest reductions in class III b-tubulin may also improve sensitivity to other chemotherapeutic agents including epothilones by predisposing cells to apoptosis through mechanisms other than reduction in mitotic block induced by chemotherapeutic agent [45, 46] . Additional studies are required to fully understand these processes, as well as the contribution of platinum resistance in patients receiving neoadjuvant carboplatin/paclitaxel. To better understand the potential efficacy of carboplatin/ epothilone doublets in patients who have received neoadjuvant carboplatin/paclitaxel, future inquiries are also required to explore sensitivity to epothilones in cell lines after repeated in vitro exposure to carboplatin. Mechanisms leading to carboplatin resistance, including decreased uptake and increased efflux of drug, activation of alternative pro-survival pathways, and enhanced efficiency of DNA repair are not currently thought to specifically overlap with epothilones but must be explored.
Importantly, using qRT-PCR we have shown that patients dispositioned to NACT exhibit higher levels of class III b-tubulin compared to those who undergo primary cytoreduction, possibly reflective of intrinsic biologic aggressiveness. Due to small sample size and retrospective nature of the design, we cannot exclude systematic bias as a source of these differences. Furthermore, despite their paclitaxel resistance, cell lines that overexpressed class III b-tubulin remained exquisitely sensitive to patupilone. In light of previous work suggesting that class III b-tubulin may represent a marker for responsiveness to epothilones [19, 21, 22, 47] , examination for overexpression at the time of interval debulking may identify patients who are candidates for these novel microtubule-stabilizing agents. This suggests a potential role for epothilones for use in treatment of patients who have previously received NACT with carboplatin/paclitaxel, possibly even in the immediate adjuvant setting following interval debulking. Epothilones are currently under evaluation for treatment of gynecologic malignancies, but have not yet been studied explicitly in the setting of NACT. In GOG-126 M, an overall response rate of 14.3 % and disease stabilization rate of 40.8 % was achieved in 49 patients with platinum/taxane-resistant recurrent ovarian cancer using 20 mg/m 2 on days 1, 8 and 15 of a 28 day cycle [48] . GOG-129P evaluated 50 patients with recurrent or persistent endometrial cancer who received one prior line of taxane-based chemotherapy; an overall response rate of 12 % was achieved using 40 mg/m 2 every 21 days; disease stabilization for at least 8 weeks occurred in 60 %. Median progression-free and overall survival was 2.9 and 8.7 months, respectively [49] . Ixabepilone is currently under evaluation investigation as first-line therapy with carboplatin and bevacizumab in stage III/IV primary or recurrent endometrial cancers (GOG-86P) [50] .
Conclusions
Overexpression of class III b-tubulin in patients dispositioned to NACT compared to primary cytoreduction likely reflects intrinsic tumor phenotype, though repeated exposure to paclitaxel in vitro-and conceivably through NACT administration-may also cause upregulation of class III btubulin. Importantly, cells that overexpress class III btubulin remain sensitive to patupilone despite paclitaxel resistance. Decreases in stromal expression that occur following NACT administration may represent normalization of the tumor microenvironment as a result of therapy. Class III b-tubulin expression by either tumor and stroma at time of interval debulking predicts OS following NACT, and may be used to guide choice of adjuvant therapy. Patients who exhibit high expression of class III b-tubulin in both tumor and stroma may be candidates for treatment using an epothilone with or without carboplatin. Singleagent epothilones and carboplatin-epothilone doublets have been examined at the phase II level in platinum-resistant [51] and -sensitive settings [52, 53] in non-small cell lung and ovarian cancers. Along these lines, we believe epothilones warrant study in subsequent treatment of ovarian cancer patients who have received NACT with carboplatin/ paclitaxel and overexpress class III b-tubulin.
